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A cold-air experimental investigation was conducted on a 30-inch (0. 762-m ) single-._

- Stage turbine to determine the effect on performance of coolant flow ejection from the

stator blade trailing edges. The hollow-cored stator blades of a previously tested tur-

bine were modified to provide the coolant-ejection slots along the trailing edges. The

effect of this modification was determined by testing the turbine with zero coolant flow

and comparing the results with those previously reported for the same turbine before .....

the modification. The effect of coolant was determined by testing over a range of _ool-

ant fraction (ratio of coolant-to-r_'imary flow) from zero to 0. 07. The effects of coolant
.....

addition were also compared with those predicted analytically. :_

....It was found that the stator-blade mo_dification had little effect on turbine perform-
.....

ance. At equivalent design speed and at an equivalent specific turbine work output of ::....

17.00 Btu per pound (39 572 J/kg), -the efficiency of the modified uncooled turbine was _

0. 920. The unmodified turbine efficiency was 0.923. At the same turbine operating point

and with the coolant inlet pressure equal to the turbine inlet pressure (30 in. of mercury -=

absolute (1.0159×105 N/m2)); the turbine yielded an efficiency (basedon prim,ry air) of

O. 958. The attendant coolant fractionwas 0. 0468.

At a specific turbine operating poi_, the experimental values of turbine primary-air _ ....

efficiency increas_d with coolant fraction. This change reEected the manner of incre_s,_

;-ing coolant flow by increasing its inlet pressure (and specific energy) relative to that of: " "

the primary flow. When the turbine was charged with. the ideal energy of the coolant

flow, th_ thermodynamic efficiency varied less than 1 i._rcent (iO. 007) over the coolant-

fraction range investigated. At low coolant fractions the efficiency first increased due

to a recovery of trailing-edge losses as effected by coolant ejection into the wake. As

_coolant fraction was increased, the frictional losses within the blade became predomi-

nant, resulting in the thermodynamic efficiency decrease. Experimentally obtained

changes in turbine work output with coolant fraction agreed well with that predicted

theoretically.
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COLD-AIR INVESTIGATION OFA TURBINE WITH STATOR-BLADE

TRAILING-EDGE COOLANTEJECTION

III - OVERALLSTAGEPERFOR_,NCE

.... I

by EdwardM. Szanca, Harold J. Schum,
and Herman W. Prust, Jr.

Lewis Research Center

SUMMARY

A cold-air experimental investigation was conducted on a 30-inch (0. 762-m) single-

stage turbine to determine the effect on performance of coolant flow ejection from the

stator blade trailing edges. The hollow-cored stator blades of a previously tested tur-

bine were modified to provide the coolant-ejection slots along the trailing edges. The

effect of this modification was determined by testing the turbine with zero coolant flow

and comparing the results with those previously reported for the same turbine before

the modification. The effect of coolant was determined by testing over a _,ange of _ool-

ant fraction (ratio of coolant-to-l: ,imary flow) from zero to 0. 07. The effects of coolant

addition were also compared with those predicted ana/ytically.

It was found that the stator-blade modification l_d little effect on turbine perform-

ance. At equivalent design speed and at an equivalent specific turbine work output of

17.00 Btu per pound (39 572 J/kg), the efficiency of the modified uncooled turbine was

0.920. The unmodified turbine efficiency was 0.923. At the same turbine operating point

and with the coolant inlet pressure equal to the turbine inlet pressure (30 in. of mercury

absolute (1.0159x105 N/m2)), the turbine yielded an efficiency (based on primary air) of

0. 958. The attendant coolant fraction was 0. 0468.

At a specific turbine operating point, the experimental values of turbine primary-air

efficiency increased with coolant fraction. This change ref._ected the manner of increas-

ing coolant flow by increasing its inlet pressure (and specific energy) relative to that of

the primary flow. When the turbine was charged with the ideal energy of the coolant

flow, th_ thermodynamic efficiency varied less than 1 percent (_0. 007) over the coolant-

fraction range investigated. At tow coolant fractions the efficiency first increased due

to a recovery of trailing-edge losses as effected by coolant ejection into the wake. As

coolant fraction was increased, the frictional losses within the blade became predomi-

nant, resulting in the thermodynamic efficiency decrease. Experimentally obtained

changes in turbine work output with coolant fraction agreed well with that predicted

theoretically.
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Gas turbine engines used in advanced types of aircraft must use high turbine-inlet

temperatures in order to meet their mlssir_n objectives. These temperatures, in gen-

eral, are sufficiently high as to require cooling of the turbine blading. The cooling

_et:hod most commonly considered uses air that J_ bled from the compressor, duc',ed

through the cooling passages of the blades, and then discharged into the turbine gas

stream. The turbine bl_ding for this type of application is characterized by thick pro-

files and blunt leading and trailing e_es_ These geometric features remalt from the

necessity of incorporating the blade cooling passages within the profile.

A part of the current turbine research program at NASA Lewis is concerned with the

effect on turbine aerodynamic performance of discharging coolant flow into the main gas

s_:ream. This effect is related to the man_._er in which the coolant is ejected. In some

cooled blade designs, coolant is ejected from the blade trailing edges. Accordingly, the

effect on turbine performance of ejection o:[ coolant flow through stator-blade trailing-

edge slots is being i_._vestigated. An existi;_ stator was prc_ided with slots, and two

separate investigations o£ this stat_r have been made without the rotor in place. Results

of the first investigation, which was concerned with the effect of coolant flow on overal/

stator performance, is reported in refere_me 1. Reference 2 presented the results of

detailed radial and circumferential total-pressure measurements at the exit of the

slotted stator, both with and without coolant flow. These studies indicated that (1) with

no coolant flow, no significant change in stator efficiency resulted from modifying the

original blades to incorporate the trailing-edge slots, and (2) the stator efficiency (basec_

on primary air-mass flow) increased with coolant flow.

The purpose of the investigation reported herein was to determine the net effect on

turbine performance of both the stator modification and coolant flow. Performance

characteristics of the modified turbine with no coolant flow were obtained over a range

of speed and pressure ratio and compared with those obtained for the unmodified turbine

(ref. 3). Analogous tests were then conducted with coolant flow.

All turbine tests were conducted at a constant inlet stagnation pressure of 30 inches
59xi0 §

a_

of mercury absolute (1.01 N/m_. Inlet temperature of both the primary and

coolant air, as supplied by the laboratory combustion air system, was nominally 545 ° R

(_03 K).
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SYMBOLS

annular flow area, ft2; m2

force-mass conversion consta_, 32.174 ft/sec 2
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speckfic enthalpy, Btu/Ibm; J/kg

mechanical equJ.valent of heat, 'i78.16 ft-lb/Btu

rotational speed, rpm

absolute pressure_ lbf/_2; N/m 2

gas constant, 53.34 ft-lb/(ib)(°R); 287 J/(kg)(K)

temperature, OR; K

mass-flow rate, lbm/sec; kg/sec

flow angle, measured from axial, pesitive in direction of rotor rotation, deg

ratio of specific heats

ratio of turbine iMet presst_re to U.S. standard sea-level pressure

efficiency based on total-pressure ratio

squared ratio of critical velocity at turbine inlet to critical velocit7 of U. S.

standard sea-level air

r torque, ft-lb; N-m

Subscripts:

a

c

cr

h

i

id

P

t

th

0

1

2

Superscript:

, total state

actual

coolant flow

conditions at Mach 1

hub radius

measuring station at stator throat

ideal

primary flow

tip radius

thermodynamic

meaeuring station at turbine inlet (see fig. 6)

measuring station at stator outlet

measuring station at rotor outlet
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APPARATUS AND INS[RUMENTATION

A description of the turbine before modification, complete with stator and rotor

blade coordinates, was presented in reference 4. This stator blading was modified as

shown in figure 1. The rounded traUing edges were squared off and a cGolant e_ection

slot cut through to the core. The slot extended 3.95 inches (10.03 cm) along a radial

line from the stator hub to the stator tip and terminated 0. 025 inch (0.0635 cm) from

either shroud (fig. 1 (b)). The slot had a width of 0.040 inch (0.102 cm) and an orienta-

tion angle of 63.2 ° (from the axial direction) both of which were constant along the radial

line. The coolant entered the blade core from a coolant supply annulds located directly

over the blades. A closeup photograph ol the modified stator blade assembly installed

in the facility is shown in figure 2.

The test facility described in references 3 and 4 was modified to include the stator

coolant system. This system included the supply pipe from the combustion air header,

an air-flow metering venturi, a control valve, the coolant inlet torus, the coolant supply

annulus, and appropriate instrumentation for determining the coolant mass flow rate.
,I

Twelve l_-inch (3.81 cm) feeder• pipes connected the torus to the supply annulus: These

pipes, iu conjunction with a circumferential baffle, assisted in distributing the air evenly

over the outside circumference of the stator. A phutograph of the modified stator as-

sembly im_taUed in the test facility with the outlet ducting removed is shown in figure 3.

Flgur_ 2. - IMIIO_-cmWW _m' Idmlm,



Figure 3. -' Stotor assemblyInstalled in test f_ility.

A photograph of the test facility is shown in figure 4. The photo_r_ was taken

before the supply pipe to the inlet torus was installed. Both the coolant air and the pri-

mary air were supplied by the laboratory combustion air system and are at the same

temperature, nomir_lly 545 ° R (303 K).

The turbine rotor used in this performance evaluation was the e_-ne rotor used in

the unmodified turbine described in reference 3. A photograph of the rotor is sh_n in

figure 5.

The instz_mentation was essentially the same as described in reference 3 except for

that required to determine the coolant mass flow rate and its ideal energy. This in-

strumentation measured the venturi upstream pressure and differential pressure and the

coolant-air temperature. Instrumentation was also provided to measure the tempez_ature

and pressure of the coolant at the coolant supply annulus.

The other instrumentation used was described in detail in reference 3 and measured

the following: total and static pressures and temperatures at the turbh_e inlet, static

pressures at the stator throat and sta_or exit, turbine exit static pressure, turbine exit

flow angles, turbine speed, and torque. The measuring stations are shown in fi_,ure 6.



Figure4. - Testflcillty.

Irtgum5. - Turbine rolorasscm_y,

r _ _
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All instrumentation was connected to a lO0-channel data acquisition system which

rr._asured and recorded tt,_ electricaI signals from the appropriate tr_.n_,ducers. At

every steady-state set point of turbine operation, five readings of e_.ch transducer were

recorded. These readings were then averaged to determine the data.

PROCEDURE

The performance test for the modified turbine was conducted in three phases as

follows:

(1) Performance data taken over a range of overall pressure ratio and speed with

no cooling air ejection

(2) Performance data taken over a range of overall pressure r_tio and speed with the

cooling _air supply annulus pressure equal to the turbine inlet pressure

(3) Performance data taken over a range of overall pressure ratio and coolant fl.¢s

for design speed and approximately design work output

In all three phases the turbine-inlet tc;tal-state conditions were 30 inches of mercury

absolute (1.0159×105 N/m 2) and approximately 545 ° R (303 K). The turbine overall

pressure ratios were set by adjusting the turbine outlet pressure. At a given speed, the

pressure ratio was varied from approximately 1.4 to the maximum obtainable. In

phases (1) and (2) of the test procedure the speed was varied over a range of from 40 to

I10 percent of design speed in 10-percent increments. For phase (2), the coolant-supply

annulus pressure was maintained constant and equal to the turbine inlet pressure. In

phase (3), coolant mass flow rate was varied by regulating the pressure of the coolant

supply annulus. The regulation of this pressure resulted in coolant inlet pressures both

below and above the turbine inlet pressure for the range of coolant flows reported herein

and resulted in a range of coolant fractions (ratio of coolant to primary flow) of from

zero to 0.07.

Turbine performance was based on total-pressure ratio. The inlet total pressure

was calculated (as in ref. 3) from static pressure, mass flow, ammlus area, and total

temperature using the following equation:

+ + .--- (1)

The outlet total pressure was calculated (as in reL $) using static pressure, turbine-exit

flow angle, am'talus area, and total temperature, but was modified to include the sum of

the primary and coolant flows such that

I ____i • I II I I

L
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The total temperature T_. used in this equation was derived using inlet temperature,
torque, mass flow, and speed data.

Two efficieucies are defined for use in this report: primary efficiency and thermo-

dynamic efficiency. In equation form,

_Nv

Wp Ahp + w c _h c .3--_

_P wp _hid ' p Wp Ahtd ' p
(3) ,

7Nn

Wp Ahp + w c Ahc 30-'_
_th = .... = (4)

wpAhid ,p+w cAhid ,c WpAhid ,p+w cAhid ,c

The primary efficiency, which relates the total power of both fluids to the ideal

power of only the primary flow, is useful in engine cycle studies. The thermodynamic

efficiency, which accounts for the ideal energies of both fluids, is useful in studying the

logs characteristics of the fluids involved.

t•

-RESULTSANDDISCUSSION

The results of the experimental investigation are discussed in three phases. First,

the overall turbine perfor_n_nce of the modified uncooled turbine is discussed and com-

pared with that previously obtained for the unmodified turbine, that is, before the stator

was modified for trailing-edge slot coolant ejection. Second, the turbine performance

with cooling air supplied at a coolant ammlus pressure equal to the turbine inlet pressure

is discussed and compared with the modifted-uncooled turbine performance. Third, the

effect of varying amounts of coolant flow a_ the design speed will be discussed. Also in-

cluded is a comparison of experimental results to those projected analytically.

10
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Modified Uncooled Turbine Performance

The overall turbine performance is presented in terms of torque and mass-flow

characteristics and the resultant performance map. Additional data include the flow

angle at the turb'Lne exit as a function of speed and overall total-pressure ratio. The

static-pressure distribution at various measuring stations through the turbine is also

presented for design speed and for a range of overall total-pressure ratio.

Overall turbine pe_rformance. - The overall performance map for the modified tur-

bine with no coolant flow is presented in figure 7 in terms of equivalent specific work

output _.h/Scr and a mass flow-speed p_ram_ter wN/5 for lines of constant total-

ratio p_/p_, and equivalent rotor speed N/81/_ r. Contours of constant valuespressure

of efficiency _, based on the total-pres_are ratio across the turbine-, are also included.

b,,

aY

R

-----.- Equivalent rot_'speed, N/(_cr,
, percent o! design

Total-pressure ratio, _/r_
_ Efficiency, _, percent-

I Equivalentwork an(I speedcorre-
spondirKjtr,__sign point of ref-
erence

,J

!
1

_ure 7. - Overall performr¢_ cup lot m_llli_l-uncooled turbine.
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The turbine design specific work output cf 17.00 Btu per pound (39572 J/kg) at design

speed is shown on the map (fig. 7). Design work was obtained at a pressure ratio of

1. 755 and corresponds to an efficiency oi about 0.920. This efficiency agree,_ very •

closely to the value of 0.923 obtained from the turbine (ref. 3) before the stator was

modified. This agreement in efficiency is consistent with the stator tests of reference 2.

In general, the turbine yielded high efficiencies over a broad range of speed and

pressure ratio. Max_num efficiencies of over 0.93 were obtained at 110 percent design

speed and over a range of pressure ratio from 1.70 to about 1, 88.

Torqueand mass-flow characteristics. - The variation of equivalent torque _/5 and

of equivalent mass flow w 01/_cr/5 with pressure ratio for the speeds investigated is

shown in figures 8 and 9, respectively. Data from the faired curves of these two figures

were used to calculate the performance map shown in figure 7.
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The torquecurves (fig.8)are typicaland show thattorquecontinuallyincreased

with increasingpressure ratiofor allspeeds investigated.Limiting-bladeloading,de-

finedas thatpointwhere increasesin pressure ratioresultinno increase intorqueout-

put,was not attainedat any speed.

The mass flowcurves(fig.9)show increasingflowswith increasingpressure ratios

for allspeeds, untilchoked (constant)valuesare reached. The factthatthe valueof

choked flowwas differentatdifferentrotor speeds indicatesthatthe rotor,and notthe

stator,limitedthe flow. At the pointcorrespondingtodesignwork outputatdesign

speed, themass _.owwas 40.54 pounds per second (18.39kg/sec). This agreedvery

closelyto 40.64 pounds per second (18.43kg/sec)as obtainedfrom the unmodifiedtur-

binetestsofreference3.

Turbine-outletflowangle.- The average flowangleatthe turbineoutletisshown in

figure10 as a functionofthe speed and the total-pressureratioacross the turbine. Neg-

ativeangle datacorrespondsto a positivecontributiontoturbinework output. The aver-

age angle indicatedat conditionsofdesignspecificwork outl:atat designspeed is-15.7°,

occurringata totalpressure ratioof 1.755. This agreed close.iyto a valueof -15.2°

obtainedfrom theunmodified t_rbinetestsofreference3. This agreement inangleis

consistentwiththe closeagreement in efficiencyand flowbetween the two turbines.

Staticpressure distribution.- The variationinstaticpressure throughthe modified

uncooled turbineis shown infigure11 as a functionoftotal-pressureratiofordesign

speed. The static-pressuremeasurements atthe hi.,bare presentedinfigurell(a);the

tipmeasurements infigure11(b). Choking ina blade row is indicatedwhen the static

pressure atthe inlettoa blade row remains constantas thetotal-pressureratioacross

the turbineis increased. Referralto figures11(a)and (b)shows thatthe hub and tipsec-

tionsofthe rotor choked atapproximatelythe same overalltotal-pressureratioof2.1.

This is inagreement withthe design-sl_edmass flow datapresentedinfigure9, which

also shows thatthe rotorhad choked atan overallpressure ratioof2.1. The static

pressure variationsat otherrotor speeds (ao_included)were similar.

14
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Modified Cooled Turbine Performance

These tests were conducted in the same manner as those previously discussed for

the modified uncooled turbine, except for the addition of coolant air from the st_tor

blade trailing-edge sk)ts. For these tests, the total pressure in the ooolant supply an-.

nulus over the stator blades (see fig. 6) was maintained constant at 30 i'.lches of mercury

absolute (1. 0159×105 N/m2), the same as tile inlet total pressure to the turbine (prLmary

air). This resulted in a coolant fraction Wc/Wp range from 0.0455 to 0. 0482. These
data are first presented in the same manner as for the uncooled turbine, and a cmn°.

parison of the two configurations is made at the design work of 17.00 Btu per pound

(39 572 J/kg).

Overall turbine I)erformanee. - The turbine performance map for this conf_ration

is presented in figure 12. It is evident that the _Xficiencies are considerably higher than

a.

¢.a

60xlO3

Figure 12. - Overall I_rl_m=r_e mp for In_lfl_ cooledturbine.
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those obtained 1or _e uncooled turbine (fig. 7). The eificiencies shown in figure 12 are

the pr_nary efficiencies as defined in the PROCEDURE section and calculated using

equation (3). The increase in primary efficiency indicates an increase in torque caused

by the addition of coolant flmv. Values of efficiency greater than 0.96 can be noted at

the lie-percent speed. At the design speed, at a specific work output of 17.00 Btu per

pound (39 572 J/kg), the obtained efficiency wa_ 0. 958 occurring at a total-pressure

ratio of 1.713. The attendant coolant fraction was 0. 0468. The corresponding efficiency

for the modified uncooled turbine was 0.920, occurring at a total-pressure ratio of 1. 755.

Comparison of the cooled turbine performance map (fig. 12) with that of the modified

uncooled turbine performance map (fig. 7) shows a similarity except for the efficiency

level_. In the low-speed area of the maim, the cooled turbine shows about a five-point in-

crease in efficiency. This efficiency difference decreased at the higher speeds. Ho_-

ever, the areas of peak efficiency for both turbines occurred in the same general speed

and pressure ratio regimes.

Torque and mass-flow characteristics. - The cooled-turbine periorma||ce map

(fig. 12) was evolved from the torque and primary nmss-flow data presented in figures

13 and 14, respectively. The turbine outlet flow angle data are presented in figure 15;

the static-pressure distribution through the turbine for the design speed is shown in

figure 16. These data have the same trends as found for the modified-uncooled turbine

c.onfiguratiou (figs. 8 to 11) and are J.ncluded for completeness.

Summary Comparisonof UnmodifiedandModifiedTurbines

Previous discussions have compared pertinent performance parameters of the modi-

fied uncooked turbine with those for the uumodtf_ed turbine. And the modified cooled

turbine was compared with the modified uncooled turbine. These comparisons were

made at a turbine operating point corresponding to design speed and a specific work out-

put of 17. C,0 Btu per pound (39 57_ J/_) based on primary flow. These experimental

data are summarized in the following table:

Turbine

Design

(ref. 3)
Modified

uacooled

Modified

cooled

Coolant T_a_

fraction pressure

•ratio

0 I.'/51

Outlet flow

angle,

_e_

-15.5

Primary Therraodynamic

air efficiency

effic ier.cy

O. 923

•920

• 958

O. 923

o920

.917

I - I I II1_1
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Figure13. - Variationo_equivalenttorquewithtotal-I)ressur_ratioande_ivaleflt rotor
speedfor modifiedcooledturbine.

These results show that no significant change in turbine performance occurred when

the stator trailing edge was modified to include the coolant ejection slot. The addition

of 0.0468 coolant fraction resulted in a 2-percent dec, reuse in primary mass flow and

corresponded to a net increase in total flow of about 3 percent. The rotor outlet flow

angle was relatively unaffected by the coolant addition. Turbine efficiency, calculated

on the basis of primary flow, increased about 3.8 points with the 0. 0468 coolant fraction.

This corresponds to an efficiency increase of 4.1 percent. The small change in thermo-

dynamic efficiency (from 0.920 to 0. 917), which accounts for the ideal e_zergy of both the

primary and coolant flows, indicates that trailing-edge coolant ejection had little elfect

on turbine performance.

18
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Effectof CoolantFlowon Turbine Performance

The effect of coolant flow on turbine performance was determined b_ investigating

the turbine over a range of pressure ratios and coolant flow rates. The turbine was run

at design speed and at pressure ratios bracketing the equivalent specific work output of

17.00 Btu per pound (39 572 J/kg). At each pressure ratio the coolant fraction was

varied from zero to approximately 0.07.

From the experimental, data, •values of equivalent torque and mass flow as a function

of total-pressure ratio for several values of coolant fraction were evolved. These

parameters were then used to calculate the work output and efficiency as a function of

coolant fraction.

Variation of flow and torque with coolant fraction. - Figure 17 presents the variation

of equivalent primary flow, total flow, and torque as a function of coolant fraction at

constant total-pressure ratio and design speed. The reference point at zero coolant

fraction refers to conditions for tile modified uucooled ttu.bine and corresponds to a work

output of 17.00 Btu per pound (39 572 J/kg). Figure 17 shows that with increasing cool-

ant fractions, the total flow through the turbine rotor increased. The increase in total

flow was less than the coolant flow because the primary flow concurrently decreased.

For example, at the maximum coolant fraction of 0t07 , the primary flow decreased

1,06
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Figure 1'/. - Variation d equivalent torque, primary ilow, _ tgtat flow wiAh

coolantfraction at const,=n,_cverall total pressure ratio and equivakmt ¢o-
signs_.
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2.2 percent,and resultedina net increaseintotalflowthroughthe rotorof4.6 percent.

The torqueoutputincreaseswith added coolant. The inRialrapidrise intorqueat

very low coolantfractionsresultsfrom a reductionin statortrailing-edgelossas the

coolantfillsthevoidsbehindthe blades. As more coolantwas added, the energyof the

coolant•(inletpressure)became higherrelativeto thatoftheprimary air. This re-

sulted,atcoolantfractionsabove 0.054, intorque increasesgreaterthantotalflowin-

creases°

VariationofturbineefficiencieswRh coolantft.action.- Figure 18 shows thevaria-

tionof primary and thermodynamic efficienciesas a functionof coolantfractionat de-

sign speed and a work outputof 17.00 Btu per pr_nd (39 572 J/_g),based on the primary

flow. Primary-air efficiencyincreasedwith coolantfzsctionwitha trend similartothe

torquevariationof figure17. At coolantfractionsabove 0.052, the gain inthe primary

efficiencywas _reaterthanthe coolantfraction.For example, at0.07 coolantfraction,

the efficiencyincreasedover 9 percent,which resultsfrom the inletpressure (and

specificenergy)ofthe coolantbeing higherthanthe inletpress._re(andspecificenergy)

ofthe primary air.

The tl_ern_odynarnicefficiencyfirstincreasesand thendecreases with coolantfrac-

tion. The range of efficiencychange isquitesmall (_0.007)which indic'_testhat,for the

turbinetested,therewas littleeffectofcoolanton therntodynarnicperformance. The

reason forthe trend ofturbinethermodynamic efficiencycan be directlyrelatedtothe
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variation of stator efficiency with coolant fraction. This can be seen from figure 19,

which superimposes the calculated variations in efficiency (dashed lines) based on the

experimental results of reference 2, where the stator was tested separately. The cal-

culated curves shown are based on the assumption that the ov.,+ychange in internal loss as

a function of coolant occurs in the stator. It is concluded from the close agreement

shown in figure 19 that the ejection of coolant through the star or trailing-edge slot had no

significant effect on rotor performance. The addition of coolant had two counteracting

effects. First, the frictional losses of the coolant within the blade increased with cool-

ant flow and were always higher than the frictional losses of the primary air. This

would cause a decrease in thermodynamic efficiency for all coolant fractions. Second,

the presence "_fcoolant from the slot into the wake decreased the trailing-edge loss of

the primary air which would tend to increase the efficiency. At low flows (below 0.02),

the recovery of trailing-edge loss predominates and results in efficiencies higher than

that at zero coolant flow. As coolant fraction increases above 0. 03, the frictional losses

of the coolant l_'edominates and results in thermodynamic efl_ciencien lower than that at
zero coolant flow.

Com._u-ison of experimental and predicted results. - The variation in primary work

output with coolant fraction was predicted in reference 1 by two methods described in

references 5 (isolated flow) _nd 6 (mixed flow). The primary work output _N/Wp is
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equal to the power output d_vi,_ed by the primary flow. The experimental variation was

determined from the torque and primary-air mass-flow curves of figure 17. The com-

parison between the experimental and predicted variations is shown in figure 20.

The predicted performance variation for both the isolated flow and mixed flow pro-

cedures shown in figure 20 are similar, with both showing work output to increase with

increasing coolant fraction. • Agreement between the two predicted curves is within

1 percent. The variation in experimental work output agreed well with the results from

the mixed-flow analysis. However, neither analytical method accounted for the reduc-

tion in stator blade trailing-edge wake loss.

SUMMARY OF RESULTS

A 30-inch ((3. 'J62-m) single-stage turbine was teeted to determine the effect on per-

formance of coolant ejection through slots in the stator trailing edges. The effect of the

modification was determined by testing with zero coolant flow and comparing the results

with those reported for the same turbine before the modification. The effect of coolant

was studied by testing over a range of coolant fraction from zero to 0.07. The experi-

mental e_fects of coolant addition were also compared with those predicted analytically.

The major results are summarized as follows:

I. The stator blade modification had very little effect on turbine perform_uce with

no coolant flow. At destgn speed and work output, cutting off the round trailing edge re-
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suited in a turbine efficiency of 0.920. The turbine efficiency for the unmodified turbine

was 0. 923. This 0. 920 value agreed with the referenced stator component tests, which

indicated the stator efficiency to be virtually unaffected by the modification.

2. With a coolant sUppIy pressure equal to the turl-,ine inlet pressure, the modified

cooled turbine performance map was similar to that for the modified uncooled turbine

except for the efficiency levels. At design speed and a specific work output of 17.00 Btu

per pound (39 572 J/kg), the modified coole¢l turbine efficiency tt_ased on primary flow)

was 0. 958. The attendant coolant fraction wa_ _. 0468.

3. The rotor performance was not significantly affected by the coolant over the 0.07

coolant fraction range tested. This was evidenced by the fractional change in overall

tui'bine efficiencies being virtually the same as corresponding fractional changes in

stator efficiencies over the complete range of coolant fractions investigated.

4. The primary-air efficiency, which relates the torque output to the ideal energy

of only the primary flow, contir.uously increased with increasing amounts of coolant.

Above coolant fractions of 0.052, the gain in primary-air efficiency was greater than

that of the coolant fraction. At the maximum coolant fraction investigated (0.07), the

efficiency increased more than 9 percent over that at zero coolant flow. This increasing

rate of change reflected the manner of increasing coolant flow, that is, by increasi.ug its

inlet pressure (and specific energy) relative to that of the primary-air flow.

,5. The thermodynamic efficiency, which relates the torque output to the ideal en-

ergies of both fluids involved, varied less than 1 percent (+0.007) over the 0+ 07 coolant

fraction range tested. At low flows, the efficiency first increased due to a recovery of

stator blade trailing-edge loss by ejecting the coolant into the wake. As the coolant

fraction was increased, the increasing frictional losses of the coolant became predomi-

nant and resulted in a decrease in thermodynamic efficiency.

6. The _xperimental fractional change in work output with coolant fraction was ap-

proximated by two referenced prediction methods. The experimental fractional changes

agreed well with those predicted.

I

Lewis Research Center,

National Aeronautics and Space Administration,

Cleveland, Ohio, December 3, 1.969,

720-03.
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